[1] The cold climate anomaly about 8200 years ago is investigated with CLIMBER-2, a coupled atmosphereocean-biosphere model of intermediate complexity. This climate model simulates a cooling of about 3.6 K over the North Atlantic induced by a meltwater pulse from Lake Agassiz routed through the Hudson strait. The meltwater pulse is assumed to have a volume of 1.6 Â 10 14 m 3 and a period of discharge of 2 years on the basis of glaciological modeling of the decay of the Laurentide Ice Sheet (LIS). We present a possible mechanism which can explain the centennial duration of the 8.2 ka cold event. The mechanism is related to the existence of an additional equilibrium climate state with reduced North Atlantic Deep Water (NADW) formation and a southward shift of the NADW formation area. Hints at the additional climate state were obtained from the largely varying duration of the pulse-induced cold episode in response to overlaid random freshwater fluctuations in Monte Carlo simulations. The model equilibrium state was attained by releasing a weak multicentury freshwater flux through the St. Lawrence pathway completed by the meltwater pulse. The existence of such a climate mode appears essential for reproducing climate anomalies in close agreement with paleoclimatic reconstructions of the 8.2 ka event. The results furthermore suggest that the temporal evolution of the cold event was partly a matter of chance.
Introduction
[2] In the early Holocene about 10 kyr ago the northern summer solar irradiance attained a maximum and the global mean temperature finally reached, after an erratic transition from the Last Glacial Maximum (LGM), a value typical for interglacial conditions. Then around 8.2 kyr ago, records of relative abundance of the oxygen isotope d
18 O ice from Greenland ice cores give evidence of an abrupt cooling event which disappeared within roughly two centuries. Although that temperature excursion constitutes only a fraction of the temperature excursions connected with the Dansgaard-Oeschger events and the Younger Dryas, the so-called 8.2 ka event represents an outstanding negative temperature anomaly during the otherwise stable Holocene period [Dansgaard et al., 1993; Johnsen et al., 1997; Jouzel et al., 1997] . Records of d
18
O ice from different Greenland ice cores, as from the Greenland Ice Core Project (GRIP and NorthGRIP) and the Greenland Ice Sheet Project 2 (GISP2) are in close agreement, aside from the inherent natural fluctuations (Figure 1 ). During the 8.2 ka event d
O ice drops on average by 1.5% which corresponds to a surface air temperature drop of 3-6 K depending on the transformation method employed [Johnsen et al., 1995; Cuffey and Clow, 1997; Dahl-Jensen et al., 1998; Johnsen et al., 2001] . Measurements of the relative abundance of the atmospheric nitrogen isotope d 15 N in the GRIP ice core give as the best estimate a cooling of 7.4 K in Greenland [Leuenberger et al., 1999] .
[3] The reduced air temperature during the 8.2 ka event is linked with drier conditions and stronger winds over the North Atlantic, colder and fresher conditions in the North Atlantic, drier monsoon regions and intensified North Atlantic trade winds [Alley et al., 1997] . More recent paleoclimatic data from various locations in the Northern Hemisphere (NH) provide additional information on associated climate anomalies. These proxy data comprise marine sediments in the northern North Atlantic [KlitgaardKristensen et al., 1998; Bianchi and McCave, 1999] , lake sediments, tree ring and speleothem data in Europe [von Grafenstein et al., 1998; Klitgaard-Kristensen et al., 1998; Tinner and Lotter, 2001; Korhola et al., 2002; Baldini et al., 2002; Magny et al., 2003] , lake sediments and pollen data in North America [Yu and Eicher, 1998; Hu et al., 1999; Dean et al., 2002; Shuman et al., 2002; Spooner et al., 2002] , ice core data from China [Thompson et al., 1997] , lake levels and stalagmite data in Africa [Gasse, 2000; Neff et al., 2001; Thompson et al., 2002; Arz et al., 2003] and marine sediments in the tropical North Atlantic [deMenocal et al., 2000] . Unlike the proxy data from the NH, ice core data from Bolivia [Thompson et al., 1998 ] and from Antarctica [Masson et al., 2000] show no clear signal of the 8.2 ka event.
[4] It is generally suggested that potential triggers for the outstanding 8.2 ka event could be either freshwater fluxes to the North Atlantic or changes in insolation. Insolation changes from solar activity contribute to climate anomalies and are of importance for inducing the 8.2 ka cold event [van Geel et al., 1999; Bond et al., 2001; Muscheler et al., 2003] . However, several climate modeling studies indicate that an abrupt temperature drop centered over the North Atlantic as large as reconstructed for the 8.2 ka event, cannot be simply induced by changes in insolation, as was investigated, for instance, for the reduced insolation at the Maunder Minimum [e.g., Cubasch et al., 1997; Ganopolski et al., 2001; Bauer et al., 2003 ]. However, model simulations by Goosse et al. [2002] with a coupled atmosphere-ocean-sea-ice model suggest that an abrupt cooling event can occur after a reduction in insolation through positive feedback effects. From their sensitivity experiments followed that cold events occur with a delay of 30-1150 years after the abrupt reduction in insolation which makes the begin of the cold event unpredictable. Therefore freshwater fluxes from the glacial ice sheets are considered as the major trigger as they attenuate the North Atlantic deep water (NADW) formation and thereby the northward heat transport [von Grafenstein et al., 1999; Barber et al., 1999; Alley et al., 2003] . Model studies all agree that North Atlantic freshwater forcing is effective in influencing the climate [Clark et al., 2002; Rahmstorf, 2002] . However, the response of the climate system is highly sensitive to the properties of freshwater forcing, such as its rate, its total volume and the forcing region. Furthermore, model studies suggest that the sensitivity of the climate system to freshwater forcing differs for different climate states, e.g., for glacial or interglacial states [Ganopolski and Rahmstorf, 2001a] , and moreover different climate models may respond differently to the same forcing.
[5] A number of simulations have been performed to reproduce the Younger Dryas, which represents a relapse from interstadial to stadial conditions starting at about 12.9 ka BP and ceasing abruptly at 11.6 ka BP [e.g., Maier-Reimer and Mikolajewicz, 1989; Wright and Stocker, 1993; Fanning and Weaver, 1997; Manabe and Stouffer, 1997] . In these simulations constant freshwater fluxes were applied to the North Atlantic over multicentennial periods. The applied freshwater fluxes were based on reconstructions of the meltwater drainage from the Laurentide Ice Sheet (LIS) which amounts to a few tenths of one Sv (1 Sv = 10 6 m 3 s
À1
) in the long-term mean.
[6] Manabe and Stouffer [1995] investigated abrupt climate changes with a coupled atmosphere-ocean general circulation model (GCM) using a pulse-like freshwater forcing in the North Atlantic. The climatic change induced by a 10-yearlong pulse of 1 Sv (equivalent to 3 Â 10 14 m 3 ) applied in the deep convection area, 50 -70°N, was much stronger than applying the same pulse farther south at 20-50°N. The response in the former case was an abrupt weakening of the Atlantic overturning circulation from 19 to 7 Sv and a strong cooling over the North Atlantic. After only two decades the overturning circulation was restored to 15 Sv through enhanced northward advection of warm and saline surface waters. However, then a second weakening to 8 Sv occurred, partly caused by a decreased density of the surface water and an increased density of the subsurface water in northern regions which hindered deep convection. From the second weakening the system recovered slowly, within about one century, to its initial state.
[7] First simulations with a coupled atmosphere-oceansea-ice model to reproduce the 8.2 ka cold event were performed by Renssen et al. [2001 Renssen et al. [ , 2002 . Following von Grafenstein et al. [1998] , they used a total freshwater discharge of 4.7 Â 10 14 m 3 , and tested the climate response to pulse durations of 10, 20 and 50 years. An expansion of the forcing duration to 500 years was ruled out to induce a significant reduction in the overturning stream function [Renssen et al., 2001 . The decadal freshwater forcing simulations resulted in a considerable weakening of NADW formation and a southward shift of the deep convection area. Large annual-to-decadal fluctuations occurred around a mode of reduced meridional overturning circulation for many centuries before the unperturbed state was restored. Ensemble simulations, started from different initial conditions of the early Holocene climate, indicated that the duration of the cold phase can exceed the pulse duration by a factor of up to 100. The main conclusion from these model simulations was that the duration of the cold phase is governed by the high-frequency (annual-to-decadal) climate variability and hence is unpredictable.
[8] Glaciological modeling on the drainage of the meltwater from the LIS decay improved continually [Licciardi et al., 1998; Marshall and Clarke, 1999; Clark et al., 2001; Leverington et al., 2002; Teller et al., 2002; Clarke et al., . This water volume corresponds to 5.2 Sv if released in one year, which is three times less than used by Renssen et al. [2001 Renssen et al. [ , 2002 and two times less than used by Manabe and Stouffer [1995] .
[9] In the following, CLIMBER-2 simulations are presented using a freshwater forcing adherent to the meltwater pulse released from Lake Agassiz. Section 2 describes transient simulations testing the sensitivity of the model to the freshwater pulse with additional random freshwater perturbations, and with baseline freshwater fluxes released through the St. Lawrence River. The simulations provide support for a weakly stable climate mode. Its stability properties are analyzed in section 3. The existence of such a climate mode assists in simulating a centennial cold event in reasonable agreement with paleoclimate data for the 8.2 ka event, as shown in section 4. Section 5 summarizes the main conclusions.
Transient Climate Simulations

Description of Climate Model and Boundary Conditions
[10] The climate model employed here is CLIMBER-2, version 3. CLIMBER-2 is a coupled climate model of intermediate complexity consisting of submodels for the atmosphere, the ocean with sea ice, and the vegetation. The submodels are interactively coupled through fluxes of heat and water, and momentum is transferred from the atmosphere to the ocean. CLIMBER-2 is designed for multimillennial climate simulations and therefore describes only the large-scale patterns of the dynamics on a coarse spatial resolution with daily time steps. The orography and the bathymetry are schematically resolved.
[11] The atmosphere model predicts the distributions of temperature, humidity and velocity components using a statistical-dynamical approach. The horizontal resolution is 10°in latitude and about 51°in longitude. The dynamical properties are determined on 10 vertical levels for the troposphere and the stratosphere. The radiation scheme for the short-wave and the long-wave radiation fluxes accounts for stratus and cumulus clouds, water vapor, carbon dioxide and aerosols. The radiative fluxes are calculated on 16 vertical levels. The ocean model computes the distributions of temperature, salinity, and meridional and vertical velocity components. The oceanic properties are determined as zonal means for the Atlantic, the Indian Ocean and the Pacific Ocean. In the southern circumpolar belt, which links the three ocean basins, the zonal mean of the zonal velocity is also computed. The ocean has a resolution of 2.5°in latitude and 20 layers in the vertical. The sea-ice distribution is computed by a thermodynamical sea-ice model including a parameterized advection scheme. Land surface processes are derived from the surface fluxes between land and atmosphere, soil moisture, and snow cover. The dynamical vegetation model has the same horizontal resolution as the atmosphere model. It calculates for each grid cell fractions of coverage of two vegetation types (grassland and forest) using annual mean precipitation and temperature above freezing. Further details on the climate model and its validation are given in the work of Petoukhov et al.
[2000], Ganopolski et al. [2001] and Brovkin et al. [2002] .
[12] The following transient simulations for the 8.2 ka event are started from an equilibrium state adapted to the boundary conditions for 9 ka BP. These boundary conditions are the solar irradiance according to the orbital parameters of eccentricity, obliquity and precession [Berger, 1978] , the atmospheric CO 2 concentration of 261 ppm [Raynaud et al., 2000] , and a remnant Laurentide ice sheet on the North American continent [Marshall and Clarke, 1999] . The combined effect of the boundary conditions produces for 9 ka BP about the same global and hemispherical temperatures in the annual mean as for preindustrial conditions with CO 2 concentration of 280 ppm. The reason for this is that the annual mean effects on the total energy from lowering the atmospheric CO 2 concentration balance the effects from introducing a fraction of glacial coverage on the North American continent. (The neglect of the remnant LIS resulted in a larger annual mean temperature for 9 than for 0 ka BP.) With the given boundary conditions also the global annual mean precipitation of 2.8 mm/day and the NADW formation of 20 Sv are about the same for 9 ka BP and for preindustrial conditions. However, at 9 ka BP the top-of-the-atmosphere solar irradiance at 65°N was 42 Wm À2 larger for June and was 3 Wm À2 smaller for December than at 0 ka BP [Berger, 1978] . This implies a stronger seasonal temperature cycle in the early Holocene leading to a stronger monsoon circulation. Furthermore, the surface air temperature in the North Atlantic sector (60 -80°N) is about 0.6 K warmer at 9 than at 0 ka BP, which results mainly from the about 10% smaller NH sea-ice area at 9 ka BP. The annual mean climate characteristics obtained from multimillennial equilibrium simulations for 9 and 0 ka BP are summarized in Table 1 .
Freshwater Pulse and Noise
[13] Teller et al. [2002] and Leverington et al. [2002] , who employed a glaciological model for the decay of the LIS, suggest a pulse-like drainage of meltwater from the Lake Agassiz around 8.2 ka BP. The estimated pulse volume is 1.6 Â 10 14 m 3 , which corresponds to 5.2 Sv if released in one year. Applying the same volume in two years to the Atlantic between 50 and 70°N in CLIMBER-2, results in a rapid decrease in the surface air temperature over the North Atlantic sector (60 -80°N) by 3.6 K. This cold phase lasts only two decades ( Figure 2 , dotted line). The thereby enhanced meridional temperature gradient induces a rapid response, involving a warming over the North Atlantic. This warming is largely caused by northward advection of heat and by a reduction in the sea-ice area in the North Atlantic. This warming for a few years is followed by a secondary cool phase in response to the lagged restoration of the deep convection, which is similar to the response described by Manabe and Stouffer [1995] and by Renssen et al. [2002] . The total duration of the cold phase is about 70 years which is much shorter than inferred from the paleoclimatic data for the 8.2 ka event. Thus CLIMBER-2 simulations corroborate previous studies with coupled atmosphere-ocean models, showing that a short-term freshwater pulse alone is insufficient to produce a 200-yearlong climate anomaly.
[14] So far, any short-term variability in the runoff associated with the melting of the LIS has been ignored. The variability of the meltwater flux routed into the North Atlantic is poorly known and may be considered to range between 0.01 and 0.1 Sv. The relative broad range of the freshwater fluctuations results from the inherent internal variability of glaciological and atmospherical processes. Hence we simulate the potential impact from a randomly varying freshwater flux by adding white noise of different standard deviation (s) to the surface freshwater fluxes computed by the model. The model freshwater fluxes consist of precipitation, evaporation, river runoff, sea-ice melting and sea-ice formation. The impact of additional freshwater fluctuations is tested through ensembles of Monte Carlo simulations. Each Monte Carlo ensemble is obtained with a different s, and each simulation of an ensemble is obtained with a different seed supplied to the random number generator. Thereby each simulation of an ensemble is driven by a different realization of random numbers. The sampling interval of the noise is one year. The white noise flux is continuously applied in the same latitudinal belt (50 -70°N) where the freshwater pulse is released.
[15] The Monte Carlo simulations show that freshwater noise superposing the freshwater pulse has a minor influence on the amplitude of the temperature drop, but can influence the duration of the cold phase considerably. This is demonstrated by time series of surface air temperature anomalies for the North Atlantic sector from 31 Monte Carlo simulations with s = 0.05 Sv (Figure 3a) . After the freshwater pulse, the temperature drop DT NA remains close to 3.6 K, while the duration of the cold phase varies between 15 and 150 years. The associated rate of NADW formation weakens rapidly by about 40%, and as long as the surface air temperature is reduced, NADW formation is about 30% weaker than initially (Figure 3b ). Two series of DT NA from the Monte Carlo ensemble with an extended cold period are compared with the series from the noise-free simulation and the temperature anomalies reconstructed from GISP2 data using the conversion scheme of Cuffey and Clow [1997, Figure 2 ]. The simulated temperature anomalies obtained with the freshwater noise correspond more closely to the reconstructed anomalies in terms of duration of the cold event than those without noise. However, the simulations subject to noise still underestimate the temperature variability.
Freshwater Pulse, Noise, and Baseline Freshwater Flux
[16] Several lines of evidence indicate enhanced runoff through the St. Lawrence River prior to the 8.2 ka event, originating from the ongoing melting of the LIS or from the overflow of proglacial lakes. Estimates of such a meltwater runoff range up to 0.15 Sv [Clark et al., 2001] . To mimic that runoff, a continuous baseline freshwater flux is added to the North Atlantic at 40-50°N for 1000 years. Sensitivity experiments show that a baseline flux larger than 0.1 Sv together with the freshwater pulse (without noise) leads to a collapse of the overturning circulation. Such a flux brings O ice data (thick line) converted according to Cuffey and Clow [1997] . The simulation with only a freshwater pulse (thin dotted line) produces a cooling by 3.6 K lasting about 20 years, while two other simulations (thin continuous lines) chosen with additional freshwater noise of s = 0.05 Sv produce similar cooling but lasting up to 150 years. the overturning circulation toward its bifurcation transition, beyond which the meridional overturning circulation cannot be sustained [Rahmstorf, 1995a; Ganopolski and Rahmstorf, 2001a] . Prior to the collapse, the intensified meridional temperature gradient induced through the northern cooling after the freshwater pulse causes a temporary strengthening of the meridional circulation and thereby an enhanced northward transport of saline water. After the collapse of NADW formation, the temperature over the North Atlantic sector drops by more than 5 K.
[17] Simulations with the additional baseline freshwater flux applied in 40-50°N show a minor additional cooling over the North Atlantic and a minor additional weakening of the overturning circulation compared to the simulations without the baseline freshwater flux (see Figures 3 and 4) . Figure 4 shows the time series from 31 Monte Carlo simulations obtained with the same realizations of the freshwater noise as in Figure 3 but with the additional baseline freshwater flux of 0.06 Sv. Though the baseline freshwater flux has in most cases little effect on the temporal evolution of the cold phase, in a few cases the evolution of the cold phase is more variable and can be prolonged by up to 200 years.
[18] The impact of the freshwater pulse and the baseline freshwater flux obviously becomes difficult to predict when freshwater noise is added to the North Atlantic. Figure 5 selects four simulations of NADW formation obtained with the two-year freshwater pulse of 2.6 Sv at 50-70°N, a baseline freshwater flux of 0.03 Sv at 40-50°N until 8 ka BP, and with freshwater noise. The four simulations differ in s of either s = 0.05 or 0.07 Sv, and in perturbation area of (Figures 5b-5d ) the collapse of NADW formation. Sometimes simulations with freshwater fluctuations show a climate response extending over two centuries after the two-year freshwater pulse. This was interpreted as a hint at the existence of an intermediate stable mode of the meridional overturning circulation in the North Atlantic. The properties of that mode, found in CLIMBER-2, are discussed next.
Intermediate Climate Mode
Climate Characteristics
[19] Commonly, reference is made to two basic climate modes, which are described as the ''ON'' mode and the ''OFF'' mode of the meridional overturning circulation in the North Atlantic. A typical circulation pattern of the ON mode is presented by the equilibrium circulation for 9 ka BP in Figure 6a , while the OFF mode is reached after the collapse of the NADW formation (not shown). In addition to the common two circulation modes, a circulation mode intermediate to the ON and OFF mode is obtained by an transiently enhanced freshwater flux into the North Atlantic. This mode is hereafter called the ''INT'' mode.
[20] The INT mode can be reached from the equilibrium state at 9 ka BP by adding a freshwater flux of 0.04 Sv for 800 years to the Atlantic between 40 and 50°N, followed by a two-yearlong freshwater pulse of 2.6 Sv at 50 -70°N. Then every transient forcing is switched off (i.e., no additional freshwater forcing and fixed orbital parameters) and the system is integrated for 5000 years to reach full equilibrium. The INT equilibrium state exhibits about the same global annual mean temperature and precipitation as obtained for the early Holocene at 9 ka BP and for the preindustrial climate state (Table 1) . However, the INT state has a lower NH temperature and a higher Southern Hemisphere (SH) temperature than the other two climate states. Hence the INT state includes a larger northern sea-ice area, a smaller southern sea-ice area, and the NADW formation is considerably reduced while the Antarctic Bottom Water (AABW) formation is increased.
[21] The weaker North Atlantic overturning circulation of the INT state is associated with a shift of the area of deep convection from latitudes north of 60°N to latitudes south of 50°N (Figure 6 ). This implies that the overturning circula- tion cell is shallower and that NADW extends less deeply while AABW extends further northward. The ocean circulation changes are connected with changes in the distribution of temperature and salinity involving different density distributions between the initial ON state and the INT state (Figure 7) . The southward shift of deep convection is evident from the southward shift of the outcropping of the subsurface isopycnals. The shallowing of the overturning cell is related to a more stable density stratification of the water column enclosing the outcropping region. The weakening of NADW formation contributes to the cooling in the North Atlantic through a 20% decrease in the maximum of the northward heat transport. This leads to a warming in the SH and a decrease of the southern seaice area in reaction of the bipolar seesaw effect [Crowley, 1992] . The spatial circulation pattern of the INT state resembles the circulation pattern of the ''cold'' mode obtained for LGM conditions [Ganopolski and Rahmstorf, 2001a] , though the NADW formation is weaker in the INT mode than in the glacial mode.
Stability Analysis
[22] The stability of the Atlantic overturning circulation is usually tested by analyzing the response of the zonal mean stream function to a slowly changing freshwater flux, such that the system can be considered to be continually in equilibrium. Thereby typical freshwater fluxes are obtained through which the overturning circulation bifurcates from the ON state to the OFF state and vice versa [Stocker and Wright, 1991; Rahmstorf, 1995a] . In order to find other possible stable modes, we use a very slow freshwater flux (Figure 8a ). The weaker NADW formation in the INT state is connected with a colder surface air temperature in the North Atlantic sector (Figure 8b ). The cooling results from a reduced northward heat transport and from an increased NH sea-ice area which implies a stronger sea-ice albedo feedback. The INT state is attained by an abrupt freshwater forcing applied to the North Atlantic circulation, which was initialized with boundary conditions for 9 ka BP. Motivated by estimates of the LIS meltwater production, a weak freshwater flux of 0.04 Sv for 800 years is applied in the latitudinal belt 40-50°N, and then a two-year pulse of 1.6 Â 10 14 m 3 is released in the belt 50-70°N. The location of the INT state in the stability diagram is seen to differ from the secondary ''on'' state obtained with an ocean GCM by Rahmstorf [1995a] , as no trace leads from the hysteresis loop to the INT state. More details on the potential for a reduced meridional overturning circulation in conjunction with multiple convection patterns are discussed in the work of Rahmstorf [1995b] .
[24] The stability of the INT state is tested by applying either negative or positive freshwater fluxes with the same rate and in the same two regions as in the hysteresis experiments, but starting from the INT state. The stability of the INT state is weaker than those of the ON and the OFF states. Changes in the NADW formation rate of the INT state can be induced by considerable smaller freshwater fluxes than those needed to reach the bifurcation transitions of the hysteresis loop. The sensitivity of the INT state to freshwater forcing applied in the southern region 20 -50°N is smaller than applied in 50-70°N. This is related first to the fact that a subtraction of freshwater in 50-70°N directly reinforces the northern deep water convection, and therefore the ON mode is restored more rapidly than by subtracting freshwater in 20 -50°N. Second, an addition of freshwater in the northern region, where the net freshwater flux from precipitation, evaporation, runoff and sea-ice contributions has a local maximum [Ganopolski and Rahmstorf, 2001b] , is more effective in impeding the NADW formation than adding freshwater in the southern region.
[25] The stability analysis of the INT mode by monotonously changing freshwater fluxes indicates an asymmetric response of the overturning circulation with respect to the freshwater forcing. The asymmetry is seen from the larger negative freshwater flux needed to initialize the ON mode than the positive freshwater flux needed to initialize the OFF mode. This suggests that random freshwater perturbations would more likely push the North Atlantic overturning circulation toward the OFF mode than to the ON mode. However, once the deviation from the INT mode begins, the ON mode is reached more rapidly than the OFF mode. The rapidity of recovery is also visible by the overshoot effect in the stability diagram.
[26] The asymmetric response behavior brings us to the question of the balance between the effects related to the amplitude of the freshwater forcing and related to the response timescale. In an attempt to obtain an answer we performed ensembles of Monte Carlo simulations, applying white noise forcing to the North Atlantic circulation resting in the INT mode. The answer to the question strongly depends on the properties of the freshwater perturbations, such as the probability density distribution of the perturbations, and the area of perturbation. Noting that the set of simulations performed cannot meet the full complexity of the climate system, the findings can be summarized by three items:
[27] 1. The stable INT mode is resilient to white noise freshwater fluctuations with s = 0.01 Sv, independent on the area of perturbation. If the freshwater perturbations are applied only in the southerly latitudes then the INT state is even retained for s less or equal to 0.03 Sv.
[28] 2. The duration of the cold event can be prolonged if the freshwater perturbations are released only in the southerly latitudes. The thereby randomly reduced surface salinity of the northward transported water can hinder convection in the northern deep convection area through a stabilizing effect of the vertical density stratification.
[29] 3. The analysis of ensembles of Monte Carlo simulations with different s suggests that the probability of transition from the INT mode to the ON mode is generally larger than the probability of transition from the INT mode to the OFF mode.
Simulated Climate Anomalies for the 8.2 ka Event
[30] The simulated climate anomalies through the meltwater outburst from Lake Agassiz to the North Atlantic are widespread. For demonstration, we choose a simulation from the Monte Carlo ensemble shown in Figure 4 which shows a two-century long cold phase. Spatial distributions of climate anomalies for 8 ka BP relative to the initial climate distributions at 9 ka BP are displayed as decadal means in Figure 9 .
[31] The surface air temperature decrease is centered over the North Atlantic, reaching up to 5 K, and diminishes toward Europe, North America and equatorward (Figure 9a ).
In the south Atlantic and Pacific adjacent to Antarctica the temperature anomaly is reversed and exhibits a warming of 1 K. The precipitation anomalies are largest during the northern summer (JJA). In consequence of the differential cooling over land and ocean, the northern summer monsoon weakens and precipitation decreases over the African and American monsoon regions (Figure 9b ). In zones northward and southward of the monsoon regions, precipitation increases partially and decreases again toward northern polar latitudes. The anomalies in the atmospheric circulation are mainly evident from the intensified trade winds in the tropical Atlantic (Figure 9c ). Also the midlatitude westerlies in the NH intensify while the southern circumpolar westerlies attenuate slightly.
[32] Figure 10 shows time series from 8.4 to 7.8 ka BP of several climate variables from the same simulation as in Figure 9 . The freshwater forcing composed of the two-year pulse, the baseline freshwater flux and the freshwater noise is displayed in Figure 10a . NADW formation decreases abruptly to 9 Sv after the release of the freshwater pulse, varies at about 11 Sv for about two centuries, and recovers rapidly to 20 Sv around 8 ka BP (Figure 10e ). The annualmean temperature over the North Atlantic sector (60 -80°N), northwestern Europe (50 -60°N) and North America (40 -60°N) show a similar long cooling by 3.8 K (Figure 10b ), 2.3 K (Figure 10c) , and 0.8 K (Figure 10d ), respectively. This cooling is in reasonable agreement with paleodata [e.g., von Grafenstein et al., 1998 ]. At the same time the annual precipitation is reduced in the Greenland area (Figure 10f ) in accordance with ice core data [Alley et al., 1997] . The summer (JJA) precipitation in the African monsoon region (10 -30°N), which is gradually decreasing during the Holocene, shows a drop during the cold phase (Figure 10g ), similarly as indicated by Gasse [2000] . Figure 10h shows a slow decrease in the fraction of trees in North America (50 -60°N) in agreement with pollen data [Hu et al., 1999] . Since the climate model has a rather low resolution, the comparison of the simulation results in Figure 10 with paleodata is only of qualitative significance.
Conclusions
[33] The climate model CLIMBER-2 was used to test forcing mechanisms which can explain the observed climate anomalies about 8200 years ago. Among the proposed driving forces the release of meltwater from the Laurentide Ice Sheet to the North Atlantic is seen as the most effective driver. In particular, we suggest that the rapid release of the meltwater volume of 1.6 Â 10 14 m 3 from Lake Agassiz through the Hudson Strait could have triggered the 8.2 ka cold event. The meltwater flooded the northern North Atlantic and suppressed NADW formation in the Labrador Sea and the Nordic Seas. Thereafter, NADW formed south of 50°N at a rate 40% lower than initially. This southward shifted and shallower meridional overturning circulation is Figure 10 . Time series of regional climate variables from same simulation as for Figure 9 , showing (a) the composite freshwater forcing, (b) the temperature over Atlantic sector 60-80°N, (c) the temperature over Europe 50 -60°N, (d) the temperature over America 40-60°N, (e) the NADW formation rate, (f) the precipitation in Atlantic sector 60-80°N, (g) the precipitation in North African summer monsoon region (10 -30°N), and (h) the tree fraction in America 50-60°N.
found to be in the neighborhood of a weakly stable climate mode, the INT mode. As long as this situation persists the large-scale climate in the NH is anomalously cold, mostly drier, and westerlies and trade winds are stronger.
[34] Hints at the existence of a weakly stable climate mode are obtained by the different response behavior of the climate model before and after the freshwater pulse in reaction to random freshwater fluctuations in the North Atlantic. The equilibrium state of the INT climate mode could be attained through a small (0.04 Sv) multicentury runoff of meltwater routed along the St. Lawrence pathway completed by the outburst flood routed through the Hudson Strait. The INT equilibrium state is found to be resilient with respect to random freshwater fluctuations which have amplitudes close to those of natural freshwater fluctuations in the North Atlantic connected with the internal climate variability. This follows from idealized Monte Carlo simulations with the coupled climate model. However, the Monte Carlo simulations also indicate that the stability of the INT state depends substantially on the area of the freshwater perturbation.
[35] It is conceivable that once the circulation pattern is shifted by the freshwater pulse in the neighborhood of the weakly stable INT mode, also natural climate variations of other origin, such as from fluctuations in insolation, are unable to push the system away from that mode and possibly can prolong the perturbed climate state. However, when the meltwater runoff eventually wanes, the simulations suggest that the initial circulation pattern is rapidly restored and the cold phase ends. The probability of a collapse of NADW formation is found to be rather low, provided the freshwater flux rates are reasonably constrained, because the timescale of restoration is much shorter than the timescale of collapse. Thus freshwater flux rates as derived from data on the demise of the LIS appear sufficient to produce a two-century long episode with a temperature drop of 3 -6 K over Greenland.
[36] The existence of the weakly stable climate mode, intermediate to the common ON and OFF modes, is only partially surprising. First, the model simulations presented by Renssen et al. [2001 Renssen et al. [ , 2002 which are the only other climate model simulations dedicated to 8.2 ka cold event provided already hints at a moderate stable mode with a weaker NADW circulation. This weaker NADW circulation is also characterized by a southward shift of the main deep convection site and a more shallow circulation pattern. The duration of the weaker circulation pattern is governed by the high-frequency (annual-to-decadal) climate variability. This results from the nonlinear interactions in the atmosphere -ocean -sea-ice interface which causes the duration of the intermediate climate state to become unpredictable. Second, the CLIMBER-2 model shows for LGM conditions, when the global climate was considerably colder than at present, a North Atlantic circulation pattern similar to the INT mode. That ''cold'' mode [Ganopolski and Rahmstorf, 2001a ] also exhibited deep convection south of 50°N, though the formation of NADW was more intense and extended deeper during the LGM than in the INT mode. Tests on the robustness of the INT mode show that the INT mode is not only attainable for early Holocene conditions, but also for climate conditions with present-day solar irradiance and preindustrial atmospheric CO 2 concentrations.
[37] The present climate model study demonstrates that knowledge of the temporal evolution of the meltwater flux rates and the meltwater pathways during the final stage of the Laurentide Ice Sheet is important for simulating the 8.2 ka cold event. The abruptly released meltwater volume Leverington et al., 2002] is an essential ingredient in the present model simulation. The results obtained with the climate model offer a possible mechanism for producing large-scale climate anomalies, which are consistent with paleoclimate data from the NH for the 8.2 ka cold event. Short-term deviations between the simulated time series of climate variables and the reconstructed series are likely, because the climate model underestimates the natural climate variability, and at the same time the applied fluctuations in the runoff from the LIS melting are highly simplified in the present study. To obtain further confirmation for the occurrence of the outburst flood from Lake Agassiz other effects should be taken into account. The considered outburst flood, which corresponds to a global-mean sea level rise of 0.5 m, can be expected to be accompanied by abrupt flushing events and by the generation of huge gravity waves. Fast-propagating surface waves could have led to massive floods in coastal regions adjacent to the North Atlantic, for which further evidence should be available. 
